Objectives-Ultrasound imaging is commonly used to teach basic anatomy to medical students. The purpose of this study was to determine whether learning musculoskeletal anatomy with ultrasound improved performance on medical students' musculoskeletal physical examination skills.
T he benefits of teaching ultrasound imaging at the earliest stages of medical education have been well documented. [1] [2] [3] [4] Many medical schools have successfully integrated ultrasound into the undergraduate medical education curriculum to help learners visualize anatomy, physiology, and pathology. [3] [4] [5] Supplementing the undergraduate medical education curriculum with ultrasound provides medical students with a head start in incorporating ultrasound Supplemental material online at jultrasoundmed.org into their medical practice. 6 More recently, ultrasound has been adopted to supplement the teaching of physical examination skills. 7, 8 Although there is little consensus on the best methods for teaching the musculoskeletal physical examination to medical students, landmark-guided instruction has been generally accepted as the standard for teaching surface anatomy and the palpation portion of the physical examination. 3, 9 Some medical educators believe that teaching the musculoskeletal physical examination has been neglected in undergraduate medical education. [10] [11] [12] [13] Studies involving surveys of medical student opinions indicate that although students believe that musculoskeletal medicine is important, they describe low to average levels of confidence in their musculoskeletal examination skills and feel poorly prepared to treat musculoskeletal conditions. [14] [15] [16] [17] There is some evidence that deficits in musculoskeletal physical examination skills persist into residency. 18, 19 A study by Rho et al 18 demonstrated that residents in physical medicine and rehabilitation programs had difficulty locating common musculoskeletal landmarks by palpation. Another study by Beran et al 19 showed evidence of the deterioration of musculoskeletal physical examination among orthopedic residents over the course of their training.
First-and second-year medical students have been successfully taught to use ultrasound to study anatomy, physiology, and pathology. 3, 9 Rao et al 20 demonstrated that medical students could successfully acquire and interpret ultrasound images during their study of musculoskeletal anatomy, which prompted us to wonder whether more deliberate musculoskeletal ultrasound instruction could improve a medical student's ability to correctly identify musculoskeletal landmarks through physical palpation. To our knowledge, the relationship between visualizing musculoskeletal landmarks through ultrasound and musculoskeletal palpation skills has not been previously investigated.
In this study, we assessed first-year medical students' skill in accurately and promptly locating predetermined landmarks after receiving musculoskeletal ultrasound training specific to either the shoulder or the knee joint. By providing shoulder-specific instruction to half our students and knee-specific instruction to the other half, we were also able to use these groups as controls for each other. This approach allowed us to also compare the group that received additional joint-specific ultrasound training during this study (shoulder or knee) to the counterpart group who received only palpationguided physical examination skill instruction in their regular medical school program.
Materials and Methods

Population
The population of interest was first-year medical students at The Ohio State University College of Medicine. First-year students were considered desirable participants because they were homogeneous with regard to their experience with both physical examination and ultrasound. The medical school curriculum is organsystem based and covers both normal physiology and pathology in blocks (or units) throughout the first and second years. After 2 foundational blocks during the first year, students sequentially cover the musculoskeletal, cardiovascular, respiratory, and neurologic systems. Students were recruited through electronic and verbal announcements made to the class during the ninth month of academic year 2015-2016, during which time they were participating in the neurologic curriculum block. Dinner was provided as an incentive for students to volunteer for the study.
Research Design
Participants were randomly assigned to instruction groups (shoulder or knee) the day before the study took place by the random number generator utility in IBM SPSS Statistics for Windows, version 22.0. 21 Before instruction, students completed a brief survey indicating hours of prior experience in either ultrasound or physical examination.
Students reported to their assigned classroom for 30 minutes of instruction covering the joint (group) to which they were assigned (shoulder or knee). After instruction, students rotated through 3 of 6 performance assessment stations where they were asked to correctly identify 4 surface anatomic landmarks by palpation: 2 for the shoulder (acromioclavicular joint and the long head of the biceps brachii tendon in the bicipital groove) and 2 for the knee (medial and lateral joint lines of the knee). Students were assessed for both accuracy and time in locating the musculoskeletal anatomic landmarks.
Each educational intervention group (shoulder ultrasound instruction versus knee ultrasound instruction) served as a control group for the alternative educational intervention group. In other words, for performance on the shoulder physical examination, the group receiving shoulder ultrasound instruction was compared to the group not receiving shoulder ultrasound instruction (knee group). For performance on the knee physical examination, the group receiving knee ultrasound instruction was compared to the group not receiving knee ultrasound instruction (shoulder group). The Institutional Review Board at The Ohio State University approved the study.
Teaching Methods
Instruction consisted of 15-minute lectures covering the basics of ultrasound and the relevant anatomy of the assigned joint. Lectures were delivered simultaneously, in separate classrooms by sports medicine physicians who had extensive experience in musculoskeletal ultrasound. The shoulder group received instruction covering basic anterior shoulder anatomy, including the acromioclavicular joint, long head of the biceps tendon in the bicipital groove, subscapularis tendon, and supraspinatus tendon. The knee group received instruction covering the basic anterior, medial, and lateral knee anatomy, including the quadriceps tendon, patella, patellar ligament, medial joint line, and lateral joint line. These anatomic landmarks were selected because of their clinical relevance and continuity with what was covered in the students' formal musculoskeletal curriculum.
Lectures were followed by 15 minutes of hands-on, small-group ultrasound scanning and palpation instruction. In groups of 4, students were provided with guided practice in scanning the assigned joint, locating the relevant structures, and then identifying them on a volunteer human model (undergraduate athletic training student) through palpation. Guided practice sessions were led by trained individuals with expertise in musculoskeletal ultrasound and knowledge of knee and shoulder examinations (sports medicine physicians, emergency medicine physicians, an anatomist with ultrasound training, and upper-level medical students with ultrasound training).
Measurement and Instrumentation
Each assessment station was staffed by a patient model and a timer. Patient models were undergraduate athletic training students who had already received surface anatomy education. The models were also required to attend a training session on proper identification of the 4 specific anatomic landmarks used in this performance assessment. The training session for the athletic training student models was similar to the hands-on guided practice taught to the medical students, in that it included identification of their individual and potentially unique landmarks with both ultrasound and palpation.
At each assessment station, the medical student was confronted with the patient model, posed in a seated position with the arms supinated and resting on the thighs. Students were instructed to palpate each structure in question and to notify the model when they had found it. The timer started the watch when the model said "go" and stopped it when the students said they had found the structure in question. No margin of error was accepted. Students were scored by the patient models on a numeric scale based on the time it took to correctly identify the structure in question: less than 10 seconds, 2; between 10 and 30 seconds, 1; and greater than 30 seconds or incorrect location, 0. Each first-year medical student was asked to identify the 4 landmarks on 3 separate patient models located at stations in 3 different classrooms. The station order was randomly assigned. Students were not informed of whether they correctly identified the structures until completion of the study; however, since they carried the score sheet from station to station, they could have decoded their scores.
Scoring
Medical students received 3 scores (from 0 to 2) on each of the 4 landmarks. Accordingly, raw scores for the total performance assessment ranged from a minimum of 0 to a maximum of 24. Raw scores were also calculated separately for each joint (knee ranged from 0 to 12, and shoulder ranged from 0 to 12). The total raw score and joint-specific subscores were converted to percentages [(x/24) 3 100 or (x/12) 3 100)] for ease of interpretation. (A sample scoring sheet can be seen in online supplemental Appendix).
Data Analysis
Descriptive statistics were calculated for both instruction groups. Additionally, groups were checked for equivalency on academic achievement and experience with both ultrasound and physical examination instruction. Achievement data included scores on anatomy examinations, which had taken place during the musculoskeletal curriculum block earlier in the year and involved both an anatomy practical and an anatomy knowledge examination (multiple-choice examination). Scores were obtained by the college's Office of Medical Education.
To verify that students dropping out of our study did not introduce a systematic bias, we compared the achievement data of these students to those who participated using an independent t test.
The anatomy examination scores and students' selfreported experience with ultrasound and physical examinations were compared across the instruction groups (shoulder and knee) by independent t tests and v 2 analyses. Data were analyzed with IBM SPSS Statistics for Windows, version 22. 21 To preserve statistical power, we first conducted a global 2-way (2 3 2) analysis of variance (ANOVA) with 1 repeated measure to test for differences between instruction groups on scores generated from their physical examinations of the knee and shoulder joints. We planned to further analyze significant interactions and main effects with appropriate post hoc analyses. Cohen d effect sizes were computed for all significant effects. 22 Concerns about the potential for a practice effect led to the inclusion of an additional analysis. To verify that students were not improving as a result of repeated assessment over 3 stations, a 2-way ANOVA (2 3 3) with 1 repeated measure was used to compare the instruction groups across the 3 assessment stations.
Results
Forty students from a class of 206 (19.4%) enrolled in the study. Twenty-seven of those 40 actually participated in the study: 16 for the shoulder instruction group and 11 for knee group (Figure 1 ). The 13 students who dropped out of the study were statistically similar to the students who remained in the study with regard to their musculoskeletal block anatomy examination scores (t 5 0.971; df 5 2; P 5 .34)
Group Equivalency
Both instruction groups were found to be statistically equivalent with regard to academic achievement and both ultrasound and physical examination experience (Table 1) . Similarly, no differences were observed in the number of hours of ultrasound experience students reported. Finally, no significant differences were observed between the groups with regard to anatomy examination scores. 
Physical Examination Performance
Results of the 2-way ANOVA indicated that, irrespective of instruction group, there was a significant main effect for the joint, suggesting that all students performed significantly better on identifying the structures of the knee (mean 5 76.9%; SD 5 16.6%) than they did on the structures of the shoulder (mean, 53.7%; SD, 26.6%; F 5 14.9; df 5 1.25; P 5 .001; effect size 5 1.05; Table 2 , Comparison "a," and Figure 2 , overall performance). We also observed a significant main effect for instruction group, suggesting that students who received the shoulder instruction (mean 5 71.6%; SD 5 13%) outperformed students who received knee instruction (mean 5 56.1%; SD 5 13.1%) on the overall performance assessment ( Subsequent post hoc analyses showed that the main effect for instruction group (observed differences in total performance score) could be primarily attributed to differences between the groups on the total shoulder scores ( Table 2 , comparison "c"; t 5 22.4; df 5 25; P 5 .03; effect size 5 20.91). Additionally, differences between groups on the total shoulder score were due primarily to differences in performance on identifying the long head of the biceps tendon ( Table 2 , comparison "b"; t 5 22.8; df 5 25; P 5 .01; effect size 5 21.10). We believe it is important to note that all significant main and simple (post hoc) effects were associated with large effect sizes (defined as > 0.80 by Cohen). 22 
Evaluation of Practice Effect
The ANOVA comparing the instruction groups across the 3 stations (over time) yielded no significant interaction effect between group and time. However, when both groups were combined, scores were significantly lower on the second station than on the first or third, suggesting that students gained no benefit through the repeated assessment across the 3 stations (Figure 3 ).
Discussion
The study yielded 2 key findings. First, the results demonstrated that all students performed significantly better on identifying the targeted knee structures than they did on the structures of the shoulder. Furthermore, the group that received shoulder instruction performed better on the total assessment than did the knee group. The explanation for these findings seems to rest with the landmarks chosen for the assessment and differences in difficulty between palpating bony and soft tissue landmarks.
Bony landmarks appear to be easier to identify on palpation. Immersive ultrasound instruction appeared to have no effect on improving the medical students' performance on locating bony landmarks in either the knee or the shoulder. However, the instruction covering the shoulder joint differed from that of the knee in that it contained 1 soft tissue structure: the long head of the biceps tendon. All other structures taught and assessed were bony structures. We interpret this finding to be driven by the shoulder group's receiving ultrasound instruction on a soft tissue structure: the long head of the biceps tendon. Ultrasound provided students with an opportunity to visualize the soft tissue structure (long head of the biceps tendon) dynamically, which allowed students to confirm specific anatomy and to distinguish the soft tissue structure from others in close proximity (biceps tendon from deltoid muscle). Ultrasound instruction also allowed students to see anatomic variation of soft tissue structures, seeing, for example that a patient with a shallow bicipital groove will have a biceps brachii tendon that lies outside the groove, whereas other patients will Figure 2 . Group characteristics of 27 first-year medical students randomly assigned to instruction on either knee anatomy (11 students) or shoulder anatomy (16 students) and their scores on a performance assessment of accuracy and speed in locating anatomic landmarks through palpation. Asterisks indicate statistically significant differences; AC, acromioclavicular joint; Bic, biceps; LJL, lateral joint line; MJL, medial joint line; MSK, musculoskeletal; and US, ultrasound.
have a biceps brachii tendon that lies within the bicipital groove. In summary, these findings suggest that ultrasound may not be useful for improving musculoskeletal physical examination performance on bony structures but could be quite practical for improving physical examination skills for soft tissue structures.
Limitations
The most obvious limitation of this study was the decision to involve joints that are anatomically dissimilar and associated dissimilar landmarks in the assessment. The joints were selected on the basis of their clinical relevance to the musculoskeletal examination. The 4 assessment landmarks were chosen because they are most frequently the sites of injections. The inclusion of a soft tissue landmark may have, however, provided the serendipitous finding that ultrasound visualization can improve a person's ability to accurately identify soft tissue structures such as the long head of the biceps brachii tendon.
Another limitation was the potential for a selection bias due to the voluntary nature of our students' participation. Convening a study that involved medical students in the evening of a school day inevitably led to participant attrition. We attempted to control for attrition by offering an incentive for participation (dinner). Furthermore, we attempted to control for the selection bias by randomly assigning participants to treatment and seemed to have succeeded in creating comparable groups. However, the possibility exists that our participants were not representative of the general population of interest, which were first-year medical students.
Finally, we must recognize that the patient models used for ultrasound instruction and performance assessment stations were relatively homogeneous with regard to age, fitness, and body mass index. Accordingly, we may not see the same improved physical examination performance on soft tissue structures when patients with more variability in body type are involved.
Several studies have confirmed the value of ultrasound in improving the accuracy of musculoskeletal injections. [23] [24] [25] We believe that teaching with ultrasound can also improve the accuracy of an individual's musculoskeletal physical examination performance. Future research should investigate whether our findings are applicable to a wider variety of soft tissue landmarks and a larger population of learners.
Conclusions
Musculoskeletal ultrasound may be most useful when integrated with landmark-based physical examination skills in teaching the musculoskeletal physical examination of soft tissue structures (and structures viewed dynamically with ultrasound) compared to bony structures. Figure 3 . Two-way ANOVA with 1 repeated measure comparing students from 2 different instruction groups on their assessment scores (percentage scores) at each assessment station in sequence. Students did not improve over time and were significantly worse at time 2 than they were at time 1.
